Improving the accuracy of thermal power plant simulators is the primary goal of simulator developers. There are many fluid networks in a thermal power plant. The accuracy of the simulator is entirely dependent on the quality of the simulation of these fluid networks. Fluid network theory is a method that combines grid with fluid mechanics to study the transport state and transience of fluids. This study focused on designing a rapid modeling method to model the fluid dynamics in thermal power plants using a data driven mechanism analysis. First, the mechanism model structure of the fluid network was established based on mechanism analysis of the key devices. The mechanism model was devised using the concept of node and branch in the signal flow graph. Next, the undetermined parameters in the structure model were identified using historical data and Particle Swarm Optimization (PSO). In this way, the fluid network model could be developed quickly. The modeling process has been described herein, considering two specific examples.
I. INTRODUCTION
The thermal power plant still accounts for most of power structure and the status is very important. The thermal power plant simulator is built for training power plant operators. Therefore, the simulator attempts to provide a realistic virtual training environment. To that end, increasing model fidelity is the perpetual goal of designers of simulation systems. There are many fluid networks in the thermal power plant simulator including water, steam, air, gas system, and oil systems, among others.
The channel which the working fluid circulates through has a complicated structure and constitutes a complex thermal system. The fluid network theory connects the electric network to hydromechanics to study the transmission and transience of fluids [1] . The quality of the fluid network model significantly affects the overall accuracy of the simulator. Thus, many scholars have been committed to researching the improvements in the fidelity of fluid network models. By improving the accuracy of simulators, it could be closer to the actual running process. In engineering applications, The associate editor coordinating the review of this manuscript and approving it for publication was Fabrizio Messina. the mechanism by which fluids flow in complex pipelines does not need to be very precise, but only the pressure and flow of the fluid at the pipeline nodes. As a result, complex piping systems can be abstracted into a fluid network that translates fluid transport and transient problems into pressure at the fluid network nodes and flow problems within the branches [2] . Fluid transmission and transient are not only carried out in a simple single pipeline, but also in many cases in the pipeline system in the form of a network. This pipeline system includes not only main lines and branches with many distributed parameters, but also fluid elements with many lumped parameters. The analysis methods of fluid network mostly focus on dynamic analysis, including node pressure method, graphical modeling method, network method, node residual correction algorithm, bond graph method and so on. The dynamic research of power plant fluid network in China originates from the development requirement of power plant simulation training system. In 1983 Tsinghua University began its research on fluid network system modeling and algorithm [3] .
Node pressure method is based on the establishment of independent calculation modules of node pressure and equipment. Variables of each module are interrelated and iterated to and fro. This method is simple in modeling, but it has some problems such as slow convergence speed and multi-solution of closed island calculation.
In [4] , the identification method of fluid network topological structure in graphical modeling is defined, which solves the problem of automatic identification of arbitrary fluid network topological structure based on fixed graphics, and thus solves the problem of graphical modeling of fluid network, but it is not an independent solution of fluid network.
In [5] - [7] , the pressure equation and flow equation of all nodes are listed by the network method, and then solved by the matrix. This avoids the problem of non-conservative flow in solving the compressible fluid network by the node pressure method, and improves the convergence speed.
In [8] - [13] , the network method is applied to the design and performance analysis of aeroengine and lubricating oil systems. The iterative algorithm is the node residual correction algorithm. Reference [14] improves the network method by introducing pressure correction method and calculus method to transform the non-linear equations into linear equations for solving, thus improving the stability of calculation.
The bond graph theory proposed by Professor H. M. Paynter in the United States is a graphical modeling method. References [15] - [17] describes the relationship between the original through the combination of bond primitives, and establishes a model of mechatronic systems based on MATLAB-SIMULINK. Reference [18] establishes the structure model of musculoskeletal.
In [19] , Ni He applied bond graph theory to establish the structural model of fluid network in shipbuilding industry, and gave the relationship between input and output accurately. At present, the theory of bond graphs is less used in thermal processes. In [20] , Nielsen applied bond graph theory to build the structure model of heat exchanger network, reduced the cost of model development by modularization, and further simulated the complex network model. In [21] , Jun-Hong H introduced the power flow method, and established the heat transfer and refrigeration models from the perspective of energy exchange. This method can be applied to the integrated modeling and optimization of thermal systems.
At present, the research methods of fluid network are mostly focused on transient analysis, which aims to obtain the details of the change of working fluid flow with time after parameter perturbation. Even for steady-state calculation, the calculation method used is very complicated. The research method in this paper is not to know the transition process between two steady-state processes, but only to study the mass flow distribution and pressure distribution of working substance in steady-state. Therefore, this paper proposes to use the method based on ''fluid network theory'' to solve the fluid network of thermal system.
The flow graph theory is to use the signal flow graph to reflect the topological structure of the thermodynamic system. The fluid network theory is introduced into the flow network of the thermodynamic system to calculate the variables of the node marking system, the connection relationship between the branch marking nodes and the flow direction of the signal. By solving the flow graph, the thermoeconomic analysis of the thermodynamic system can be carried out [22] - [25] .
The fluid network is split into a plurality of nodes to set up a static balance-node fluid-network model [26] . The method for realizing online simulation using sparse matrix is presented, [27] , [28] and the way of identifying the parameters that have been used to solve this matrix are discussed [29] . Finally, the analogical simulation mathematical modeling method is proposed [30] .
There are two modeling methods for fluid networks, mechanism-modeling and data-modeling. The pros and cons are obvious between the two modeling methods. In this paper, mechanism-modeling and data-modeling are combined and advantages of the two methods are emphasized. First, using mechanism analysis and signal flow graph theory, the mechanism model structure of fluid networks is established. Mechanism analysis ensures that the deviation in model structure is minimized. Next, the undetermined parameters in the structure model are identified using historical data. This modeling process is simpler and more accurate than traditional modeling methods.
The remainder of this paper is structured as follows: Mechanism structure modeling of fluid of fluid network in Section II. Identification of pending parameters in Section III. Result of parameters identification in Section IV. The work is concluded in Section V.
II. MECHANISM STRUCTURE MODELING OF FLUID NETWORK
In the process of power plant simulation systems, researchers are only concerned about the transient characteristics of the pressure and flow of the fluid at the connection points of each pipeline. In other words, the microscopic processes inside the pipelines are not needed to develop an accurate simulation model. Thus, the modeling the process of fluid transmission and transience could be simplified into a problem-solving transient pressure and flow within nodes in the fluid network. In this way, the difficulties associated with hydrodynamic modeling could be avoided.
A fluid network generally consists of a pressurized power source, pipelines, and valves. There is flow resistance in pipelines and valves which are distributed parameter systems. When modeling, the entire flow resistance may be concentrated in the valve; this is called a lumped parameter system. It is necessary for the modeling to reflect changes in node pressure and mass, and flow in the pipeline network. According to the lumped parameter settings, the elements of fluid networks can be divided into two categories: devices, and the connecting pipelines between devices.
The signal flow graph comprises of two main elements: node and branch (1) .
Node is the term ascribed to variables in the system, such as x 1 , x 2 , x 3 , x 4 , and x 5 as shown in Figure 1 . Branch is the term ascribed to directed lines that connect two node variables. The direction of flow is determined by the arrow and the signal cannot transfer in the opposite direction of the arrow. The letters as a, b, c, d, e, and f as shown in Figure 1 represent the gain of the branches, which describes the generation between two variables [31] .
According to the description of signal flow graph and the definition of the components of fluid networks, the nodes and branches could be used to describe the pipelines connecting the devices. However, there is no connection between the device and pipeline. This means that the device does not only correspond to nodes, but could also be described by branches. The same is true for the pipelines. The correspondence of the device to the nodes follows some general rules:
(1) Using a node to describe a device in the fluid network usually accurately reflects the change of pressure associated with the device. It is important to note that the compressing devices such as pumps and fans are neglected. (2) When using a node to describe pipelines connecting devices, the pressure of the pipelines would change, because the pressure in the pipelines is high due to resistance. The changing pressure could be calculated via the number of increasing nodes. input nodes, output nodes, and mixed nodes. In the model setup, input nodes and output nodes correspond to the boundary conditions, which are usually atmosphere, fluid with confirmed parameters, etc. The calculation of mixed nodes is more complex. This is because the impact from upstream and downstream of the node needs to be considered.
A. MECHANISM STRUCTURE MODELING OF FLUID NETWORKS WITHOUT PRESSURIZING ELEMENT
In fluid networks without a pressurizing element, signal flow graphs can be used to set-up fluid network models to calculate the pressure of the nodes. In this model, the branches reflect the flow resistance of pipes and valves.
1) CALCULATION OF MIXED NODE PRESSURE
The following [8] is the mass conservation equation of a mixed node:
In this equation, mi is the fluid mass. q mj is the branch flows entering and outflowing the node i. By definition, mass flows entering the node are positive and mass flows exiting the node are negative. q m,ext is the extra mass flows inside and outside node i. The q m,ext variable is there for node characteristics correction and the sign associated with the inflows and outflows are the same as for q mi . V i is the volume of node i. ρ i is the density of the fluid. p i is the pressure of node i. T i is the temperature.
By design, the length of pipeline between nodes is constant. The same applies to the volume of the node. The density of the fluid changes with the pressure and temperature. However, the impact of temperature on the density is neglected.
The change of density, c i , as a function of pressure can be thought of as the compression energy of a working fluid. In the case of an uncompressed fluid, dρ i /dp i = 0. Typically, for a general fluid, the compression coefficient can be approximated as zero [32] .
The equation for flow and differential pressure into the mouth of the pipe is as follows:
In this equation, C sm is the admittance of pipeline and it reflects the current resistance. p is the differential pressure. This equation is non-linear, and needs to be linearized for the simulation process. The following is the result of linearization using a Taylor series expansion ignoring higher order terms and with zero initial condition [33] .
B sm is the admittance after linearization. Without considering the extra mass flow, a new equation could be obtained after linearization.
B sm is the branch admittance entering the node and B sn is the branch admittance exiting the node. p j is the upstream node pressure and p k the downstream. Among p j , p i , andp k ; p j is the largest and p k is the smallest. The variable p i is ascribed to the final pressure, and the equation is rewritten as follows:
After further listing, the equation for calculating the node pressure is as follows:
In simple terms, the equation illustrates that the current node pressure is determined by the past node pressure, the pressure upstream of the node, and the pressure downstream of the node.
2) FLUID NETWORK MODELING WITHOUT PRESSURIZING ELEMENT Figure 2 illustrates a fluid network without a pressurizing element. The fluid network about the signal flow graph description is shown in Figure 3 . In the above, x 1 and x 2 are input nodes. x 8 is the output node and it is the boundary condition. x 3 , x 4 , x 5 , x 6 and x 7 are mixed nodes. Equation 7, as listed above, is used to perform the calculation for node x 7 . The result is as follows: 
Equation 16 illustrates the factors that influence the pressure of node x 7 . These include the upstream and downstream connecting-node pressures from nodes x 5 , x 6 , and x 8 ; and the branch admittances after linearization between adjacent nodes. The influence of adjacent upstream and downstream nodes has first-order inertia characteristics.
Similarly, the other nodes calculations are as follows: 
The nets model could be shown in matrix style as follows (21) , as shown at the bottom of the next page. In short, this matrix can be written as S = A * P. The coefficient matrix A reflects the trend of the sparse matrix.
B. MECHANISM STRUCTURE MODELING OF FLUID NETWORK WITH A PRESSURIZING ELEMENT 1) NODE CALCULATION OF THE PRESSURIZING ELEMENT
Compared with a fluid network without a pressurizing element, the fluid network with the pressurizing element increases pressure at the element node in the mixed nodes. In the Figure 5 , a mixed node is the pressurizing element anode-axial fan. In this instance, a fluid network model including pressure, flow, admittance, and admittance after linearization is designed in accordance with the analysis of the node characteristics.
The performance curves of the axial fan (which always contains 4 wings) under different bucket angels are defined in line with model accuracy. The performance curve shows the typical operating points of the fan including: the max raising capacity, H max , and the corresponding flow, q max ; and another raising capacity, H 0 , and the corresponding flow, q 0 . Other raising capacities and their corresponding flows are calculated by interpolation.
When the pump has fixed size and conveys the same fluid, the change of fan speed, flow, and pressure and their interdependencies are as follows [34] :
p p = n p n m 2 p m (23) n m is the rated speed and p m the pressure. n p is the current speed and p p is the current pressure. The equivalent admittance model of fans is obtained based on the relationship between flow and admittance as illustrated above.
The admittance consists of two parts: the admittance equivalent to the difference of static pressure in the fan and the VOLUME 7, 2019 dynamic admittance. The variable opv indicates the equivalent degree of opening of the fans' pipe. The variable q 0 is the flow due to static pressure difference and q m is the dynamic flow.
The equivalent admittance after linearization is used to calculate the other nodes.
Considering the complete fluid network, the pressurizing element node should provide equivalent pressure for the downstream node, p d , and for the upstream node, p u .
2) FLUID NETWORK MODELING WITH A PRESSURIZING ELEMENT Figure 4 shows a fluid network with a pressurizing element. The signal flow graph of the fluid network is shown in Figure 5 . In figure 5, x 1 and x 2 are input nodes. x 10 is the output node and it is the boundary condition. x 3 and x 4 are pressurizingelement nodes. x 5 , x 6 , x 7 , x 8 , and x 9 are mixed nodes. The calculation of node x 3 is as follows:
When the fan is controlled by the adjustment of usual rotor blades and stator blades instead of by conversion, the speed does not change: n p /n m = 1.
C. ANALYSIS OF MODEL
(1) The fluid network structure is designed per the signalflow graph theory. The characteristics are used to establish a model of the pressure relationships between the nodes. For example, the model of influence between node x 3 and x 7 in a network without a pressurizing element is as follows:
(2) There are undetermined parameters, C 3 , C 4 , C 5 , C 6 , 
III. IDENTIFICATION OF PENDING PARAMETERS
The aforementioned method is used to lend a structure to the fluid network model. However, some parameters are absent from this basic structure. This includes the compression factor, C x , of the pressure node, the equivalent admittance after linearization, B x , of the branch, and the characteristic parameters of typical operating points in the curve of boosting nodes. As illustrated in the node pressure calculation (Equation 16 ), node pressure has the characteristics of first-order inertia link. Therefore, the compression factor determines dynamic features and the equivalent admittance determines the static features. Thus, the dynamic and static characteristics of the fluid could be used to determine the missing parameters. In this paper, PSO is chose to identify missing parameters.
A. PARTICLE SWARM OPTIMIZATION
PSO is based on the strategy of global-searching the population using a simple speed-displacement mode. In PSO, every solution of the optimization problem is seen as a particle in the search space. The optimization function ascribes a fitness value to every particle. The direction and distance of every particle are determined by a speed vector, and then in the 
solution space is searched based on the currently optimized particle. The process of PSO consists of seven parts as follows:
(1) Initialize. Define the initial population (velocitydisplacement mode, population size, etc.), evolution algebra, inertia weight, shrink factor, etc. The population size should be moderate; too large a population size will only increase the program operation time and not improve the searching speed. (2) Evaluate population. Calculate the fitness of the initial population of each particle. and if the former is better, assign it as the new optimal fitness. (7) Analyzing the ending condition of the algorithm (necessary for accuracy and evolution generation) and repeat if unsatisfied. It is assumed that the dimension of the search space is N , the size of particle population is M , and the number of iterations is S. The following equations describe the position vector and the velocity of any particle, i.
DB i = (DB (1, i) , DB (2, i) , · · · , DB (N , i)) T (32) In the equation above, i ranges from 1 to M. Bi(i) represents the optimal position vector up-to the current particle in the whole population. Both vectors are n-dimensional vectors. Following is the rule of population evolution:
In the equation above, i ranges from 1 to M and j ranges from 1 to N. c1 is the cognitive learning factor which represents the weight of statistical accelerated item to push the particle to the individually optimal position, and c 2 is the social learning factor which pushes the particle to the globally optimal position. Both c 1 and c 2 have values between 0 and 2. r 1 and r 2 are random numbers uniformly distributed between 0 to 1.
is inertia weight which is determined using equation (34) with a decreasing strategy and its values range from 0 to 1.4. k ranges from 1 to S.
To ensure convergence of the algorithm in the process of evolution, the maximum and minimal particle velocity should usually be set in advance. When updating the velocity utilizing equation (31), it should be judged whether B i < B_h or B i > B_l are applicable. If applicable, the equation should be updated. Otherwise, B_h or B_l can be chosen.
The ending condition for evolution is generally occurs when the results fit the predetermined criterion of deviation, or when the maximum number of evolutions is reached. With regard to the changing trend of pressure and flow, the deviation between actual and calculated flow is chosen to be the objective function. When the deviation is less than the specified value, the iteration process ends.
B. MECHANISM ANALYSIS OF STATIC CHARACTERISTIC
Per equation (18), the equilibrium node pressure can be used to ascertain static features and calculate the equivalent admittance after linearization. There are numerous methods to perform this calculation. One method entails calculating the sparse matrix based on the pressure of different working points [35] , [36] . Another entails identifying specific admittance based on historical data. In this study, the authors chose PSO to ascertain the undetermined parameters. When identifying the equivalent admittance of a branch, the compression factor of the pressure node is approximated as one based on the static characteristics of first-order inertia link.
According to the analysis of Fig.3 and equation (16-20) , seven missing parameters could be identified based on PSO.
C. MECHANISM ANALYSIS OF DYNAMIC CHARACTERISTIC
The node compression factor can be determined based on the dynamic characteristic of the network, such as C 3 , C 4 , C 5 , C 6 , C 7 . Equation (13) shows that the influence of connected upstream and downstream nodes on any given node in the fluid network has characteristics of first-order inertia.
The pressure of node x 5 can be represented as follows based on Equation (16) . 
An intelligent identification method based on the PSO algorithm is used to confirm the parameters of the model. The objective function is defined as follows.
In Equation (37), T s is sampling period, and it has a value of 1. M is the number of data-points, p5(kT s ) is the current actual pressure of node 5, and p(kT s ) is the calculated pressure.
IV. RESULT OF PARAMETERS IDENTIFICATION A. IDENTIFICATION RESULT OF STATIC PARAMETERS
According to the analysis of fluid network in part III, PSO is used to identify the static parameters. Table 1 shows the main parameters of PSO in the identification process. The admittance was calculated based on the PSO and data on fluid flow and pressure. It is shown in Tab.2. Fig.6 shows the flow deviation trend during identification. The abscissa is the number of iterations, and the ordinate is the change in the flow deviation.
The objective function value is set to 1. It could be seen from the identification result that the admittance could be calculated with the identification process of PSO and the objective function value is reduced with suitable parameters of PSO. It is verified that the method combined mechanism and experience is reliable.
B. IDENTIFICATION RESULT OF DYNAMIC PARAMETERS
The PSO is used to identify the dynamic parameters C based on the trend of pressure. As to the fluid network in Figure 7 , and 8 show the trend in pressure as compression factor, C, of node 5 is varied with the other variables kept constant.
The objective function is shown in equation (37) . By design, the ending condition of evolution is the maximum number of iteration or when Q is less than 0.01. The result of identification is shown in Table 3 .
Therefore, based on the relationship between the compression factor and pressure, the dynamic process can be used to confirm the compression factor.
During the identification process, the error between actual value and calculated value is about 1%-3% based on adjust the PSO parameters. It could be seen from the result that this method could confirm dynamic parameters based on changing process of pressure.
V. CONCLUSION
This paper demonstrates a quick method for fluid network modeling initiating from the processes of fluid networks. The process is divided into structural modeling and parameter identification. The theory of signal-flow graph is used along with the process of structural modeling as theoretical support.
Thereafter, a model of nodes and branches in fluid networks is set up. Next, PSO algorithm is used to identify the parameter of static network. Finally, the influence of dynamic characteristic parameters on the model is analyzed. This method is of great significance for improving the accuracy of the thermal power unit simulation.
